Abstract: Furanic polyesters were prepared by the bulk polycondensation of 5,5'-isopropylidene-bis(2-furoic acid) with 1,2-ethanediol, 1,4-propanediol and 1,6-hexanediol, and were characterized by size exclusion chromatography, NMR and MALDI-TOF MS. The ring-closing depolymerization of these polyesters was then investigated at 10 g/L concentration in 1-methylnaphthalene at 130 -240°C. Chain flexibility, the use of zinc diacetate catalyst and, particularly, the presence of hydroxy end-groups were found to be favourable factors for the formation of high yields of cyclic oligoesters. A side reaction leading to the formation of non-reactive furyl-terminated species took place when the reactions were carried out at high temperature (240°C), limiting the yield of cyclic oligoesters.
Introduction
In most polycondensation reactions, ring-chain equilibria take place, leading to the formation of a small fraction of cyclic oligomers (typically < 2 mass-%), which can affect deleteriously the properties of final polymers, e.g., for textile applications [1] . On the other hand, such cyclic oligomers may serve as starting material for ringopening polymerizations, leading to high-molar-mass polymers or copolymers that cannot be easily obtained by polycondensation [2] . In a previous work [3] , we have shown that cyclic esters, such as ε-caprolactone, readily react in the bulk with poly-(ethylene terephthalate) (PET), yielding high-molar-mass aliphatic-aromatic copolyesters. This would provide a way of post-consumer PET recycling into biodegradable copolyesters.
In order to broaden the range of cyclic esters available for this reaction, we undertook a study on the synthesis and characterization of cyclic furanic oligoesters. Insertion of furanic units in PET chains appears particularly interesting, since it would confer a higher mechanical strength than aliphatic cyclic esters, while imparting biodegradability to final copolyesters [4] . Moreover, this would also contribute to the benefit of furan-based compounds, which can be obtained from vegetable biomass [5] .
Various methods have been reported for the synthesis of cyclic oligomers: (i) direct synthesis from monomers under high-dilution conditions [6] , (ii) synthesis involving a polymer-supported catalyst [7] , (iii) ring-closing depolymerization of high-molar-mass linear polymers in vacuum at high temperature, in the presence of metal catalysts [8] , and (iv) ring-closing depolymerization of linear polymers in highly diluted solutions [9] . Various families of cyclic oligoesters have already been synthesized by the ringclosing depolymerization of polymers such as polycaprolactone [10] , PET [11] , poly(butylene terephthalate) [9] , poly(decamethylene terephthalate) [12] , poly(decamethylene adipate) [13] and a wide range of poly(alkylene isophthalate)s [14] .
In this paper, we describe the ring-closing depolymerization of furanic polyesters by interchange reactions in diluted solutions, i.e., in conditions where ring-chain equilibria are shifted toward the formation of cyclic species (Scheme 1). In order to examine the influence of end-groups and of backbone structure on the ring-closing depolymerization reaction, various furanic polyesters were synthesized (Tab. 1). Their characterization is described in the first part of this study.
Scheme 1. Ring-closing depolymerization of furanic polyesters
Experimental part

Materials
1,2-Ethanediol (E), 1,4-butanediol (B), 1,6-hexanediol (H) and 1-methylnaphthalene (Aldrich) were used as received. 5,5'-Isopropylidene-bis(2-furoic acid) (F) and 5,5'-isopropylidene-bis(ethyl 2-furoate) (F diester) were prepared from ethyl 2-furoate according to ref [15] . Zinc acetate (Zn(OAc) 2 ), tetraisopropoxyzirconium (Zr(OiPr) 4 ), and bis(2-ethylhexanoate)tin (Sn(oct) 2 ) (Aldrich) were used as received.
Synthesis of hydroxy-terminated polyesters
PEF-OH, PBF-OH and PHF-OH were synthesized by polycondensation of F with E, B and H, respectively. 11 mmol of F and 33 mmol of diol were placed in a 50-mL glass reactor equipped with a mechanical stirrer, a nitrogen inlet and a distillation head connected to a condenser and a receiver flask. The reactor was heated to 190°C and temperature was raised gradually to 220°C (3 h) under nitrogen, while excess diol distilled off. After cooling to 190°C, vacuum (0.07 mbar) was applied and reaction continued for 2 h at this temperature. 0.1 mass-% of Ti(OBu) 4 was then added and the reaction continued for 3 h at 220°C in vacuum (0.07 mbar 4 were placed in the 50-mL glass reactor described above and heated gradually from 180 to 220°C under nitrogen (3 h). After cooling to 180°C, vacuum (0.07 mbar) was applied and the reaction was continued for 2 h at this temperature. See polyester characterization in Tab. 2.
Ring-closing depolymerization reactions
The polyesters obtained as described above were dissolved in 1-methylnaphthalene (10 g/L). The solution was heated to 180 or 240°C for 24 h in the presence of catalyst (0.1 to 1 g/L). The reaction medium was then cooled and the solvent was rapidly evaporated in vacuum (1.0 mbar) at 50°C. The crude products were then characterized by size exclusion chromatography (SEC), 1 H NMR and MALDI-TOF MS without further purification or extraction.
Analytical techniques
NMR spectra were recorded on a Bruker AC300 spectrometer (CDCl 3 solutions). SEC was performed on a Waters apparatus (Waters 410 differential refractometer, Waters 510 pump) using five µ-Styragel columns (50 + 10 2 + 10 3 + 10 4 + 10 5 Å, 7.8 × 300 mm) in tetrahydrofuran (THF, 0.8 mL/min) and polystyrene standard calibration.
MALDI-TOF MS was performed on a PerSeptive Biosystems Voyager Elite time-offlight mass spectrometer equipped with a nitrogen laser (λ = 337 nm). Spectra were recorded in reflector or linear delayed extraction mode at an acceleration voltage of 25 kV. 5 µL of the THF polymer solutions (2 -5 g/L) were mixed with 50 µL of the matrix solution (20 g/L 2,5-dihydroxybenzoic acid in THF). 1 µL portion of the final solution was deposited onto the stainless steel sample slide and allowed to dry at room temperature. The spectra represent averages of 256 consecutive laser shots.
Results and discussion
Characterization of furanic oligoesters
Dihydroxy polyesters PEF-OH, PBF-OH and PHF-OH were obtained by a two-step procedure [15] : (1) esterification of 5,5'-isopropylidene-bis(2-furoic acid) with a large excess of diol and (2) polycondensation of the resulting product in vacuum at 220°C with elimination of the diol excess. Ethyl ester-terminated polyester PEF-Et was obtained by reacting 1,2-ethanediol with a slight excess of 5,5'-isopropylidene-bis(ethyl 2-furoate), according to well-established procedures for polyester synthesis [16] . 
Hydroxy-terminated poly(alkylene 5,5'-isopropylidene-bis(2-furoate))
The 1 H NMR resonances of the backbone of hydroxy-terminated polyesters were readily assigned [17] : Furoate units give two doublets in the 6 -7 ppm range, while alkylene units give the expected -COO-CH j 2 -methylene resonance close to 4.5 ppm. Hydroxymethyl end-groups (-CH a 2 OH) are detected close to 3.9 ppm in the spectra (Tab. 3, Fig. 1 ). The 13 C NMR spectra of these polymers are also readily assigned, giving the expected furoate signals in the 100 -160 ppm range (furyl moieties), at 163 ppm (ester carbonyl) and close to 65 ppm (ester methylene). Hydroxymethyl end-groups (-C a H 2 OH) are assigned at 60.5 (PEF-OH) and 62.2 ppm (PHF-OH) (Tab. 3, Fig. 2) . Surprisingly, hydroxymethyl end-group resonances C a and H a are not present in the spectra of PBF-OH (Fig. 3) . Since this compound is not a high-molar-mass polymer (M n = 5050, from SEC), this means that side reactions involving hydroxybutyl endgroups took place during the reaction.
The absence of OH end-groups in PBF-OH was confirmed by our MALDI-TOF MS study (Fig. 4) . The expected hydroxy-terminated species are not detected, while dicarboxy-(L n ), carboxy-furyl-(L' n ) and difuryl-terminated (L'' n ) linear species appear. These species result from two successive side reactions, (i) degradation of hydroxybutyl end-groups with formation of THF, a well-known side-reaction of poly(butylene terephthalate) synthesis, and (ii) decarboxylation of the resulting carboxy end-groups (Scheme 2). In addition, Na + -cationized cyclic species (C n Na + , n = 2 -5), formed by ring-chain equilibria taking place during the reaction, are observed in the spectrum of PBF-OH (Fig. 4) .
The presence of cyclic species was also detected in the MALDI-TOF MS spectra of PEF-OH and PHF-OH. As an example, Fig. 5 presents the spectrum of PEF-OH, showing the presence of Na + -cationized hydroxy-terminated linear species (L n Na + ), H + -cationized cyclic oligoesters (C n H + ) and cyclic oligoesters containing one oxydiethylene unit (C n-DEG H + ), in which the subscript n represents the number of repeating units. The presence of the latter species shows that etherification side-reactions take place during the synthesis (Scheme 3). On the other hand, linear species containing oxydiethylene units were not detected. The MALDI-TOF MS spectrum of PEF-Et is given in Fig. 6 . The main series of peaks at 290 m/z intervals corresponds to the Na + -ionized ethyl ester-terminated linear species (L n ). Peaks corresponding to H + -and K + -cationized species are also present in the spectrum. However, unlike the OH-terminated furanic polyesters, no cyclic species can be detected in the spectrum. This clearly shows the predominant influence of the presence of hydroxy end-groups on the formation of cyclic species. 
Fig. 6. MALDI-TOF MS spectrum of PEF-Et
Ring-closing depolymerization
In diluted solutions, ring-chain equilibria are shifted toward the formation of cyclics. This method has been widely used by Semlyen et al. for the ring-closing depolymerization of aliphatic and aliphatic-aromatic polyesters [11] [12] [13] . The formation of cyclic species appears to depend to a large extent on experimental conditions, on the nature and concentration of catalyst, and on the nature of polyester.
Ring-closing depolymerization reactions were carried out on PEF-OH, PHF-OH and PEF-Et in diluted 1-methylnaphthalene solutions (10 g/L) at 180 or 240°C for 24 h. Since the synthesis of PBF-OH resulted in the unexpected and uncontrolled formation of carboxy-and/or furyl-terminated species, the ring-closing depolymerization of this polyester was not studied.
After preliminary experiments, tetraisopropoxyzirconium, Zr(OiPr) 4 , and zinc acetate, Zn(OAc) 2 , were selected for the study. SEC chromatograms of the PEF-OH reaction product obtained after 24 h heating at 240°C clearly show a shift of molar masses to lower values (Fig. 7A) . The main peak of the distribution was assigned to the cyclic tetramer C 2 (2 repeating units) by MALDI-TOF MS study (see below). Zn(OAc) 2 was the most efficient catalyst and the optimum catalyst concentration was found close to 0.3 g/L. Increasing the amount of catalyst to 1 g/L increased the extent of ring-closing depolymerization, but resulted in the formation of a low-molar-mass fraction, which was assigned to catalyst residues (Fig. 7B) . The higher catalytic activity of Zn(OAc) 2 agrees with the results of Semlyen et al. on poly(ethylene terephthalate) and poly-(decamethylene terephthalate) ring-closing depolymerization [11, 12] .
Reaction temperature
The ring-closing depolymerization of PEF-OH was carried out at 130, 180 and 240°C in the presence of Zn(OAc) 2 . No change was observed in the SEC curve of the product obtained at 130°C. At 180°C the distribution became slightly broader, with an increasing amount of the cyclic tetramer C 2 . The reaction was much faster at 240°C, resulting in the formation of high amounts of cyclic species. In these conditions C 2 became the predominant species (Fig. 8A) . This justifies the choice of a high boilingpoint solvent. The study of the other polyesters was, therefore, carried out at 240°C. Ve ( 
Nature of polyester end-groups
The nature of polyester end-groups appears to play a predominant role in ring-closing depolymerization. The ethyl ester-terminated polyester PEF-Et was compared to the hydroxy-terminated PEF-OH under the same experimental conditions. An appreciable amount of unreacted linear species can still be detected in the SEC curve of the PEF-Et reaction product. This could reflect the influence of the lower molar mass of PET-Et, but is more likely due to the lower reactivity of ester end-groups with respect to hydroxy end-groups (Fig. 8B) .
Nature of the aliphatic diol
The ring-closing depolymerization of PHF-OH was carried out under the optimal conditions determined for PEF-OH (10 g/L, 24 h at 240°C, 0.3 g/L Zn(OAc) 2 ). The reaction was very efficient (Fig. 9) . Unlike PEF polyesters, the predominant species in the reaction product was assigned to the cyclic dimer C 1 (one repeating unit).
Increasing the number of methylene groups in the diol monomer unit (6 CH 2 groups instead of 2) confers to the polymer chain a greater flexibility, which clearly favours intramolecular reactions and, therefore, ring-closing depolymerization. 
Characterization of ring-closing depolymerization products
The 1 H NMR spectrum of PEF-OH (Fig. 10A) shows signals at 3.90 and 4.39 ppm that are characteristic of hydroxy end-groups (protons in α and β position to OH endgroups, respectively). These signals disappear in the spectrum of the reaction product, as expected in the case of cyclic oligomer formation (Fig. 9B) .
The MALDI-TOF MS spectrum of PEF-OH reaction is given in Fig. 11 . A series of peaks corresponding to Na + -cationized cyclic oligoesters, ranging from the cyclic tetramer (C 2 , 2 repeating units) to the cyclic tetradecamer (C 7 ), can be identified, but no starting dihydroxy linear species. This shows that PEF-OH was successfully ringclosing depolymerized under the conditions used and confirms the SEC results discussed above. The second peak series (L'' n ) was identified as linear difuryl-terminated species resembling those found in the synthesis of PBF-OH (see above). These species may be formed through the degradation of hydroxyethyl end-groups (Scheme 4). The formation of non-reactive furyl end-groups, therefore, limits the extent of ring-closing depolymerization. A similar phenomenon takes place during the ring-closing depolymerization of PEFEt, as the corresponding MALDI-TOF MS spectrum (Fig. 12) indicates the presence of furyl-terminated and α-furyl-ω-ester linear species (L" n and L' n ) in addition to the expected cyclic ester series (C n ). The presence of ester terminated linear species (L n ) again reflects the lower reactivity of ester groups with respect to hydroxy groups during ring-closing depolymerization. 
